Anodizing has proven an effective method for preparing bioactive titanium and has been the subject of many studies regarding the performance and biological characterization of the layers obtained. However, the fatigue behavior of titanium alloys, after undergoing this process is still poorly studied. This study aims to investigate the influence of MAO (Micro-Arc Oxidation) process on the fatigue properties of titanium alloy Ti-6Al-4V. Therefore axial fatigue tests were performed to obtain SxN curves, of specimens in polished and anodized (MAO processed, phosphate salt solution, potential of 290 V) conditions. Roughness measurements, SEM, Raman spectra and X-ray photoelectron spectroscopy (XPS) analyses were used to characterize the features of the modified surface. SEM was also used to analyze the fatigue fractures of the tested specimens. The MAO process, with the parameters used in this investigation, had no influence on the fatigue behavior of the Ti-6Al-4V alloy, when compared to specimens without surface modification.
Introduction
Anodized surfaces result in better bone response, with better biomechanical results, when compared to machined surfaces 1 . The anodization of titanium has proven an effective method for preparing bioactive titanium 2, 3 , and it has been the subject of many studies concerning biological performance [4] [5] [6] [7] [8] [9] , and the characterization of the layers obtained [10] [11] [12] [13] [14] . The chemical and structural properties of anodic oxides can be varied within a very wide range of possibilities, varying the process parameters such as anodic potential, electrolyte composition, temperature and current.
Among the various processes of electrochemical oxidation, micro-arc oxidation (MAO), also known as anodic oxidation or plasma spark electrolytic oxidation (PEO), has been the subject of several studies of surface modification of titanium and its alloys for biomedical use [8] [9] [11] [12] [13] [14] [15] . It is an anodic oxidation technique for deposition of ceramic layers on the surface of metals such as Al, Ti, Mg, Ta , Zn and their alloys 3 . The MAO process is typically characterized by the phenomenon of electrical discharge on the anode in aqueous solution. The discharge channels have temperatures above 10 .000 K and a local pressure of several hundred bars 3 . In the case of surface modified implants, subjected to high load applications, for example, hip and knee prostheses, the effect of surface modification on the fatigue life becomes a concern which should be considered 16 . It has been demonstrated [16] [17] [18] that the fatigue behavior of an implant material can be strongly influenced by the surface modification process employed. However, there are few publications on the fatigue behavior of titanium and its alloys, subjected to the MAO process 15 . If, on the one hand, the studies and performance characterization of bioactive layers are constantly updated, on the other hand, engineering studies and evaluation of mechanical properties of biomaterials submitted to new variations of surface modification are lagging behind. Thus, this study aims to investigate the influence of the MAO process of surface modification on the fatigue properties of titanium alloy Ti-6Al-4 V.
Materials and Methods

Material
Cylindrical specimens, with parallel reduced section (4.0 mm diameter), were machined from Ti-6Al-4V ELI alloy rods (ASTM F136). All the specimens were polished using a 0.3 µm SiO 2 suspension in the final step of polishing resulting in a Ra = 0.025 µm. Chemical composition and mechanical properties are listed in Table 1 . The microstructure, shown in Figure 1 , was fully equiaxed grains. 
Anodic oxidation
Surface characterization
The surface of the specimens modified by the MAO process was observed by SEM. The equipment FEIQuanta 400 was used. The roughness measurements were performed in the longitudinal axis of the fatigue specimen, using the equipment Taylor Hobson -ultra PGI 1000; the measurements methodology followed the ISO 4287:1997. The roughness parameters chosen for this characterization were Ra (Roughness Average), Rp (Maximum Profile Peak Height), Rv (Maximum Profile Valley Depth), Rz (Average Maximum Height of the Profile) and Rt (Maximum Height of the Profile). The first parameter is quite found in the literature and the other ones are used, among other cases, on the characterization of surfaces subjected to cyclic loadings. The Raman measurements were carried out with a T-64000 Jobin-Yvon triple-monochromator coupled to a chargecoupled detector (CCD). The XPS analyses were performed in ultrahigh vacuum (low 10-7 Pa range) using a Kratos Analytical XSAM HS spectrometer. Non-monochromatic Mg Kα (hν = 1253.6 eV) radiation was used as X-ray source, with an emission current of 5 mA at a voltage of 12 kV. An electron flood gun was used to reduce charge effects. The high-resolution spectra were obtained with analyzer pass energy of 20 eV. The Shirley background, mixed Gaussian/Lorentzian functions, and a least-squares routine were used for peak fitting. The binding energies refer to the adventitious hydrocarbon C 1 seconds level set at 284.8 eV.
Fatigue tests
The axial fatigue test was carried out using servo hydraulic equipment INSTRON -model 8872. In order to build up the SxN curves, the fatigue tests were planned to use 4 or 5 loads level with at least 2 specimens at each load level using R = 0.1 (stress ratio) and 20 Hz test frequency at ambient air conditions. The run out chosen was 5 million cycles.
Results
Surface characterization
As shown in Figure 2 for the oxide film formed using the MAO technique at 290 V on Ti-6Al-4V, the oxide coating exhibits rough and porous surface formed by a dense and compact film composed by numerous micro-protrusions with pores distributed randomly over the surface (diameter in the 1-3 µm range).
Anodic oxides on Ti and its alloys grow at a rate of approximately 2 nm.V -1 [20] , which means that the thickness of the oxides formed under the designed conditions varies in the 500 to 600 nm range. It is known that the oxides growing under a MAO procedure do not exactly follow this anodization ratio due to several processes occurring at the very high voltage conditions 19 . However, as this deviation is observed only after the film-rupture voltage, the anodization rate remains a valid approach to estimate the oxide film thickness. It was possible to measure the oxide film thickness of the failed tested specimens using SEM analysis of the fracture surface and the oxide thickness was about 570 nm. The Raman spectra of the oxide growing on the Ti-6Al-4V alloy (Figure 3) showed three bands in 150, 520 and 640 cm -1 , which are characteristic of TiO 2 in anatase phase. About the XPS analyses, the Ti 2p spectrum (Figure 4 ) was fitted with only one component for each peak of the doublet, with Ti 2P3/2 459.1-459.3 eV, corresponding to TiO 2 , which was then determined to be the predominant surface oxide formed. Besides Ti, O and C, small amounts of impurities (P, Ca and Na) from the electrolyte were found. Table 2 presents the results of the roughness of the polished specimen (reference) and the specimen modified by MAO process. Figure 5 shows the roughness profiles obtained.
Fatigue and fractographic analysis
The SxN curves obtained for the polished and anodized specimens are shown in Figure 6 . The curves show that the fatigue strength in the polished condition was equal to that obtained for the anodized condition, which was 830 MPa.
The analysis of the fracture surface of specimens fractured in the fatigue test revealed commonalities among polished and anodized specimens. Table 3 summarizes these aspects.
All polished and anodized specimens presented the same fractographic features in all regions of the fracture. Figures 7  and 8 show the region adjacent to the nucleation site of one polished specimen and one anodized specimen, respectively. The anodized layer can be observed in Figure 8 . Comparing Figures 7 and 8 , it is evident that there is no difference in the appearance of the two fracture surfaces. Note that the fractures have a region of early crack growth with crystallographic orientation, typical of titanium and its alloys 21 . However, two of the polished specimens and one of the anodized specimens differed from the others, presenting subsurface nucleation. Figure 9 shows a subsurface nucleation of an anodized specimen. The two polished specimens had very similar subsurface nucleation appearance.
The top view of the fracture surfaces, and the crack initiation sites, were observed. In the case of anodized specimens, no previous damage, or any other peculiar characteristic that could be considered a preferable crack nucleating site, was observed, as shown in Figure 10. 
Discussion
Surface characterization
In general, the anodic film morphology is critically dependent on the oxide growth behavior, especially during the micro-arc anodization. In fact, before the voltage oscillations begin, the specimens are already passivated by an oxide film that is basically a non-porous, compact, and uniform barrier-type film 22, 23 . The plasma discharges on the samples are observed to become more intense during the MAO treatment as the current density is increased. When a micro-arc discharge extinguishes in the discharge channel, it is possible that coarse pores with large diameters remain on the coating surface. Indeed, the features observed in . In the case of rutile bands features are: 610, 446, 236 and 142 cm −1 [24] . In biomedical research, it has been reported that the formation of anatase phase on Ti and its alloys implants improves their bone compatibility [25, 26] . The parameters used in this investigation were enough to obtain TiO 2 in anatase phase (Figure 3) .
Variations in the anodizing parameters seek to obtain a three-dimensional oxide and porous layer of rutile and / or anatase phases. These crystalline phases, with these characteristics have proven effective in inducing apatite formation on its surface. Surfaces containing calcium and phosphorus induce more easily the formation of new bone tissue, making the surface bioactive 3 . The result of the XPS analysis showed that, besides Ti, O and C, small amounts of impurities (P, Ca and Na) from the electrolyte were found.
Industrial polishing usually presents Ra around 0.4-0.2 µm. Polishing by hand, with better care, reaches a range of Ra = 0.1-0.025 µm. In this study, the variation of the parameter Ra was 0.026 µm for the polished to 0.041 µm for the anodized. Both results are within the same category of surface finish (hand polishing 0.1-0.025 µm). Thus, it can be stated that the variation obtained is small and that the anodizing followed the topographic features of the substrate. In terms of fatigue, the parameters Rv, Rp, Rz can be understood as a measure of the "notch" caused on the surface. The results in Table 2 show that the difference between polished and anodized is 0.1 µm, which confirms that the anodizing follows the profile of the substrate. In addition, Table 2 and Figure 5 indicate that the values Rp, Rv and Rz are low, which means that the MAO process, even though the result is a porous layer, did not show a pronounced notch effect.
Fatigue and fractographic analysis
The fatigue strength limit (830 MPa) and the shape of the curves ( Figure 6 ) are similar for both polished and anodized conditions. Leinenbach et al. 17 , working with the Ti-6Al-7Nb with fatigue at R = -1 in Ringer's saline solution, also had little significant difference between polished and anodized, about 550 and 530 MPa, respectively, in stress amplitude.
Other studies of fatigue of anodized specimens indicate that layers with micro-scale thickness 27 decreased significantly in fatigue property, while for layers with nanoscale thickness 17 , the decrease is insignificant. The similarity between the fatigue behavior of polished and anodized specimens is an indication that the difference in roughness between polished (Ra = 0.026 µm) and anodized (Ra = 0.041 µm) samples was not significant on fatigue life under the tests conditions carried out here. Besides, the subsurface fatigue crack nucleation observed in two polished specimens was also present in one anodized specimen ( Figure 9 ). This evidence show that the anodic oxidation did not modify the substrate topography, as well as the characteristics (thickness and pore size) of the oxide film grown, also had no influence in the fatigue behavior of the Ti-6Al-4V.
In some cases, hydroxyapatite coatings 28 and some oxide coatings 27 with thickness about some tens of microns and with cracks inside the coatings can damage fatigue properties, since the cracks inside the coatings can induce the fatigue crack nucleation on the surface of the substrate. This behavior was not observed in the oxide film obtained in this study.
The SEM analysis of the initiation region of the fatigue crack of the anodized specimens ( Figure 10 ) did not reveal any stress concentrator, this is also evidence that the anodizing process did not add any notch to the surface of the specimen. The roughness profiles indicate the same. The subsurface fatigue crack nucleation observed for both specimen (polished and anodized) in this study is common to the Ti-6Al-4V alloy when treated by shot peening 29 , which is a surface treatment that induces compressive residual stresses in the treated surface. Leinenbach et al. 17 measured compressive residual stress of 406 MPa in polished specimens (Ra = 0.03 mm). Besides, polishing can contribute to increase fatigue properties because of the decrease of roughness surface 30 . Thus, the subsurface fatigue crack nucleation can be a result of the low roughness and compressive residual stresses, both from the polishing step.
Therefore, the high value of the fatigue strength of both specimens (close to 90% of the yield strength) can also be explained by the low roughness and by the possible presence of compressive residual stresses. Costa et al. 31 studied Ti-6Al-4V aeronautical alloy, with polished finishing (Ra = 0.46 µm). In their study, with R = 0.1, the fatigue strength was 900 MPa, even higher than the result obtained in this study.
Conclusions
The surface modification by MAO process of Ti-6Al-4V alloy for biomedical purpose using the parameters employed in this study, did not modify the fatigue behavior of the material, which presented a fatigue strength value of 830 MPa, the same obtained for the reference specimens, with polished finishing.
The slight increase in the roughness promoted by the MAO process, when compared to polished specimen, was not significant in terms of the fatigue properties.
The features (thickness and porous size) of the oxide film did not influence in the nucleation of the fatigue cracks of the anodized specimens.
